(From the Laboratory o/Pediatrics of Stanford University Medical
P~A~S 9 Am) I0.
(Received for publication, March 16, 1917.) In investigating the pathogenesis of acute diffuse glomerulonephritis, it was thought that it might be of value to test the hypothesis that a soluble poison circulating in an active state in the blood will exert a more intense action in the glomerulus than in other tissues, because at this point water is lost from the blood, and any poison present, provided it was not excreted with the water, would necessarily become concentrated and its powers of injury intensified. Such a condition of increased concentration may indeed be assumed a priori to occur, the question being whether it is great enough to produce recognizably heightened damage.
For the purpose of testing this hypothesis, diphtheria toxin was selected as answering the experimental requirements. Injected into the blood of non-immune animals it is actively and directly toxic and it does not pass through the glomerular filter into the urine.
Our problem, then, is to compare the effects of different dosages o{ this poison, and to determine whether small amounts of toxin, injected intravenously, will produce glomerular lesions before demonstrable injury occurs elsewhere, a n d whether larger amounts produce damage proportionally greater in the tufts than in other parts of the renal tissue. With full dosages, of course, the well recognized picture of a pannephritis (or pannephrosis) is to be expected
The studies of Oertel and of Councilman, Mallory, and Pearce are perhaps the most important ones treating of the disease in man, and the papers of Wade, who first described nephritis in diphtheria, Wagner, Brault, Fiirbringer, Fischl, 139 Schrakamp, yon Kahlden, Bernhard and Felsenthal, Reiche , and Katzenstein may also be mentioned. These studies make it clear that both tubular degeneration and glomerular alterations occur in the course of human diphtheria. The glomerular lesions consist of swelling of the endothelium, dilatation of the loops, various degrees of karyorrhexis of the endothelial nuclei and, in more advanced cases, hyalinization and obliteration of the tuft occur. Experimental investigations have been made by Roux and Yersin, Spronck, Babes, yon Kahlden, Enriquez and Hallion, Baldassari, Welch and Flexner, Flexner, Schlayer and Hedinger, Takayasu, Lyon, Karsner and Denis, Pearce and Eisenbrey, Frothingham, and Bailey. These investigators have presented anatomicM or functional evidence of glomerular as well as of tubular injury in experimental diphtheria or diphtherial intoxication. It is clear from a consideration of the work of Baldassari and especially of Flexner that diphtheria toxin is a general cellular poison without specific chemical affinity for any one type of tissue.
Charrin and Moussu showed that diphtheria toxin does not diffuse through animal membranes; Rodet and Gu~choff, that it does not diffuse through collodion; 1 Dzerzhgovski and Onufrovich, that it does not diffuse through the renal tissues when the excised kidney is perfused with a 10 per cent solution in blood; and Bomstein, that it is not excreted into the urine.
Diphtheria toxin, therefore, appears to be well suited to the proposes of the present experiments.
EXPERIMENTAL.
The toxin 2 employed had a strength of 200 minimum lethal doses per cc. when tested April 18, 1916 . No evidence of deterioration was noted during the present series of experiments.. All injections were made intravenously in quantities of 1 cc., made up in 0.85 per cent salt solution. The rabbits were in most cases young, weighing between 1,000 and 1,500 gin., and were, in so far as external signs showed, in good health. The animals that did not die spontaneously were killed by a blow on the neck and immediately autopsied. The tissues were fixed in Orth's solution with a 5 per cent addition of glacial acetic acid, and embedded in paraffin. Sections were stained by Van Gieson's method, with henmtoxylin and eosin, and in a few i Roux and Yersin found some diffusion through parchment paper. The pinholes which can be readily seen in most samples of parchment paper with a hand lens probably explain this discrepancy.
The toxin was prepared at the Rabbit/&--Dosage 0.0023 cc. per kilo. Combined weight of kidneys 9.6 gin. Macroscopically general pallor. Microscopically glomerull large with dilated loops and swollen endothelium, the cells being somewhat increased in number with occasional pyknotic nuclei. The tubular epithelium shows moderate cloudy swelling.
Rabbit I4.--Dosage 0.0024 cc. per kilo. Combined weight of kidneys 13.8 gm. Macroscopically moderate general congestion. Microscopically the glomeruli are very large with many dilated empty loops (Fig. 3) . The endothelium is greatly swollen. The capsular space is almost obliterated. There are a few small intragiomerular hemorrhages. Considerable desquamation of the.tubular epithelium, many of the nuclei of which are pyknotic, misshapen, and in places extruded into the lumen. There are many hyaline casts.
Rabbit IS.--Dosage 0.004 cc. per kilo. Combined weight of kidneys 22 gin. Macroscopically they are much swollen and intensely congested; the cortical surface shows whitish, poorly defined patches, which on the cut surface are seen as radial bands extending into the medulla; probably the medullary rays contrasting with the. deeply congested cortical labyrinths. Microscopically the majority of giomeruli are hemorrhagic and converted into cysts of blood which is mainly fresh but in places shows beginning coagulation (Fig. 4) . These hemorrhages are mostly confined within the intact epithelium of the visceral layer of Bowman's capsule, but in places the latter has ruptured and flooded the capsular space and the proximal tubules with red blood cells. The glomerular nuclei that are still recognizable are pyknotic or fragmented. In the tubules the epithelium is in places granular and the nuclei are occasionally pyknotic but the evidences of severe damageare much less than in the giomeruli. There is no evidence of repair.
Rabbit 16.--Dosage 0.0055 cc. per kilo. Combined weight of kidneys 26 gm. Macroscopically the kidneys are greatly enlarged and intensely congested with several small superficial hemorrhages under the capsule. Microscopically the appearance is practically that of Rabbit 15, except that more of the hemorrhages are coagulated, showing masses of fibrin, and the epithelial degeneration in the tubules is more advanced (Figs. 5 and 6) .
Rabbits 17and 18.--Practically the same picture as No. 15. Rabbit 19.--Dosage 0.0067 cc. per kilo. Combined weight of kidneys 20 gin. Macroscopically the kidneys are dark purple in color, with several subcapsular hemorrhages; the cut surface shows a much thickened cortex in which there are many small hemorrhages, and the glomeruli are seen as fine red points. The medullary rays are paler than the labyrinths. Microscopically the hemorrhages are seen to be from the intertubular capillaries both in the cortex and the outer medullary zone. In the tufts, the giomerular endothelium has undergone acute degeneration, the lumina being filled with an amorphous granular material, and the nuclei are all pylmotic or fragmented except the large epithelial nuclei which in most places appear to be little damaged. There is marked coagulation necrosis of the tubular epithelium, especially of the proximal tubules, many of which show extruded pyknotic nuclei and desquamated epithelium in the lumen (Fig. 7) .
Rabbit20.--(Died 12 hours after injection.) Dosage 0.0069 cc. per kilo. Combined weight of kidneys 19 gm. Macroscopically they are swollen and dark purple in color without gross hemorrhages. Microscopically there is extreme swelling of the giomerular endothelium and the loops are dilated and empty. The nuclei are pyknotic. The epithelium of the tubules shows coagulation necrosis with the nuclei pyknotic. The intertubular capillaries are greatly dilated.
Rabbit 21.--Dosage 0.0075 cc. per kilo. Combined weight of kidneys 19 gm. Macroscopically the kidneys are deep purple with congestion, but there are no gross hemorrhages. Microscopically the glomerular endothelinm is in places swgllen, but as a rule it is definitely necrotic and disintegrated, the lumina being filled with finely granular debris. The nuclei are pyknotic and fragmented. There are occasional intragiomerular hemorrhages. The epithelial degeneration of the tubules is marked, but no formed casts are present.
Rabbit 22.--Dosage 0.0141 cc. per kilo. Combined weight of kidneys 16 gin. Macroscopically intense congestion. Microscopically there is disintegration of the capillary endothelium in the tufts and in the intertubul~r capillaries with thrombi of finely granular material. There are many greatly dilated empty loops and a large amount of serous exudate (Fig. 8) containing in places red blood cells. Marked epithelial degeneration in the tubules.
Rabbit 23.--Dosage 0.0154 cc. per kilo. Combined weight of kidneys 15 gin. Macroscopically intense congestion. Microscopically extreme swelling of the glomerular endothelium with beginning necrosis, and thrombosis of the loops. Many of the loops are dilated and empty. The epithelial degeneration is not advanced, but the cytoplasm appears somewhat granular and.occasional pyknotic nuclei are seen. The rabbit died 24 hours after injection.
The changes described in the protocols indicate, in spite of slight differences at the same level of dosage, that the severity of the lesion is roughly proportional to the size of the dose administered. It is evident t h a t the primary change is in the endothelium of the tuft. I t is possible that a simultaneous alteration of the intertubular capillaries occurs, but is difficult to detect, because of the intimate relation between them and the walls of the renal lymphatics. Even hemorrhage from these capillaries is hard to recognize, since the escaping blood follows the lines of cleavage which closely correspond to the normal p a t h of the small vessels. However, it was found that the small flat nuclei between the tubules were frequently pyknotic and this occurred even in the rabbits receiving the smallest doses. With larger doses, the capillaries, espedaUy in the inner cortical and outer medullary zones, were found to be greatly dilated and full of blood.
With dosages approximating 0.0007 cc. of diphtheria toxin per kilo in rabbits very slight changes of any kind are produced in the kidney, though occasional deeply staining endothelial nuclei and a slight increase of these nuclei in the glomeruli give evidence that some damage has been inflicted. With dosages between 0.001 and 0.0015 cc. per kilo, changes of increasing severity are found, consisting of evidences of both nuclear and protoplasmic irritation and injury such as multiplication of the nuclei and swelling of the cytoplasm of the glomeruiar endothelium. With these doses evidence of epithelial injury in the tubules is present, but not striking. With dosages over 0.002 cc. per kilo the glomeruiar changes become more severe as shown by marked endothelial swelling, extensive pyknosis of the nuclei, and marked enlargement of the tufts with dilatation of those which remain pervious. At this stage, degeneration of the tubular epithelium is indicated by pyknosis and karyorrhexis, desquamatior~ of the cells, and the formation of numerous casts, but even in the parenchyma the presence of pykn0tic nuclei in the intertubular capillaries suggests the possibility of primary vascular damage. In the glomeruli it is sometimes possible to distinguish the epithelial nuclei of the visceral and parietal layers of the capsule apparently unharmed, while in the same tuft the endothelial nuclei show advanced injury, With doses of 0.004 cc. per kilo and more, the glomerular capfliaries rupture and globular hemorrhages confined by the epithelial syncyfium of the capsule are seen. In some instances the capsule, too, gives way and the capsular space and proximal tubules are found to be flooded with newly extravasated blood cells.
In so far as diphtheria toxin causes glomen~r hemorrhages, it is apparently by simple rupture of the capillaries, not by diapedesis. The lesion sometimes observed in human hemorrhagic glomerular nephritis, in which fibrin; red blood cells, and leukocytes exude into the capsular space, is notably absent. At most, the only real exudate into the space is a homogeneous, albuminous material, observed in one kidney of the present series, though desquamated epithelial cells from the capsule may give a superficial resemblance to a true exudate.
STUDIES IN OLOMEP.ULONEPHXITIS. I
With doses of 0.0065 cc. per kilo and more, such hemorrhages are less constant, and instead we find thrombotic masses ~ithin the necrotic capillaries. The nature of these masses is somewhat difficult to determine. They do not take the Weigert stain for fibrin, but with Van Gieson's stain they are brownish in color. Under a low power objective they form interlacing and branching figures about the size and conformation of the glomerular capillaries. Closely examined with the high power objective they are seen to consist of very finely granular amorphous material usually completely occluding the capillaries but in some places lying in the center of the lumen. It seems probable that the material is the necrotic and desquamated cytoplasm of the endothelium, a supposition which is strengthened by the presence in the material of faintly staining or pyknotic and often fragmented nuclei. It is possible also that some of this material may be embolic, derived from the degenerated intimal endothelium of the afferents, a process observed by yon Kahlden in some cases of human diphtherial nephritis. With these high dosages there is evidence of rapid death of the whole kidney, with pyknotic and fragmented nuclei, and granular, desquamated, or coagulated cytoplasm. Such doses are usually fatal within 48 hours. The maximum effect is obtained apparently with doses of about 0.008 cc. per kilo, the pathological changes resulting from 0.015 cc. per kilo being nearly the same as with the former amount.
Leukocytes within the vessels and occasionally surrounding the vessels or the glomerular capsule were sometimes found but, as the protocols show, this phenomenon bears no relation to the dosage of toxin .and should probably be regarded as due to other causes. A possible r61e of the leukocytes in these kidneys is to remove necrotic fragments by phagocytosis. A mobilization of leukocytes as a result of leukotactic action by the toxin is not shown by the present series of experiments. DISCUSSION. It is not necessary to assume a specific affinity of diphtheria toxin for endothelium in order to account for the vascular injury found in the above experiments. Babes and later Baldassari determined that the primary action of ~phtheria toxin is upon the nuclei of the body cells in general. As regards the kidney it is possible that the small amount of cytoplasm of the flat endothelial ceils acts as a less efficient buffer for the nucleus against the attack of the toxin than the abundant cytoplasm of the tubular epithelium, but a simpler explanation is that the toxin, being brought to the kidney by the blood stream attacks the tissue with which it comes in direct contact; namely, the endothelium of the vessels.
As regards the location of severe injury in the tuft the experimental findings stand in fairly close agreement with the theoretical expectation that the glomerulus should show an especially severe grade of injury because the circulating toxin reaches at this point a relatively high concentration. It was actually found that the earliest recognimble alteration, and with larger doses, the severest lesions were in the glomeruli, and perhaps the intertubular capillaries, and that these lesions were essentially endothelial.
These endothelial glomerular lesions were observed in the present series in all degrees of intensity, progressing through the following stages: (I) cellular proliferation; (2) swelling of the cytoplasm with partial or total occlusion of the capillaries and beginning degeneration of the nuclei; (3) rupture of the capillaries with hemorrhage; (4) necrosis and disintegration of the cytoplasm with blockage of the capillaries with protoplasmic debris.
It has been shown by Charrin and Moussu that diphtheria toxin does not diffuse through animal membranes, and by Rodet and Gu6choff that it does not diffuse through collodion, and we may infer that during life physical dialysis of toxin through the glomerulns and tubules does.not occur. To explaln the action of diphtheria .toxin on the tubular epithelium we.have to assume either a selective activity of the tubular cells or an effect secondary to vascxflar injury. That the first of these assumptions is unlikely is shown by the fact estab, lished by Bomstein that toxin is not excreted into the urine, and by the findings of Dzerzhgovski and Onufrovich that toxin is not retained by the kidney in perfusion experiments. Anatomically the secondary nature of the epithelial lesions is indicated by the fact that with small doses of toxin glomeruiar lesions are recog~iT~ble before tubular degeneration appears and that with doses of medium size the glomerular lesions are much severer than the tubular. In short, endothelial injury is predominant.
A point deserving emphasis is the slight anatomical evidence of excretion of toxin from the tufts. This is shown by the small amount of damage to Bowman's capsule and the small quantity of exudate in the capsular space. It was notable in many kidneys that, while the endothelial cells were necrotic and disorganized, the epithelial cells were surprisingly well preserved and the parietal layer of the capsule little altered. A striking confirmation of the truth of thls observation was the frequent oocurrence of ~emorrhages obliterating practically the entire capillary structure of the tuft, but confined withiu the unruptured epithelial syucyfium of the visceral layer of Bowman's capsule. Only with relatively enormous doses of toxin and then in one case only was there a marked exudate in the capsular space such as we find in the so called extracapfllary form of glomerulonephritis. To explain the pathogenesis of the latter form of renal disease, we must perhaps adduce other factors which possibly call into action some spedfic excretory activity of the glomerular epithelium.
The lesions described in the present experiments, at least those obtained with subhemorrhagic doses of toxin, with their evidence of injury within the tuft are strongly reminiscent of those described by Volhard and Fahr under the name of intracapillary glomerulonephritis. They say:
"The glomeruli are strikingly large, containing little blood, and the cellular elements within the tufts are enormously increased. The loops are swollen and often become adherent and hyalinized.
In the capsular space occasional desquamated epithelium, a little coagulated albumin and here and there red blood cells are seen.
but usually the space is empty."
We shall not in my opinion, be far from the truth if we apply our observations and deductions to the pathogenesis of the intracapillary form of glomerulonephritis in general, a n d assume that this form of disease is the result of the concentration, due to loss of water in the tuft, of poisons circulating in an active state in the blood. It seems MgMy probable that such a process plays at the least a major part in the production of these lesions. 
